s R L PR e




Table I. The Transverse Coefficient of Thermal Expansion
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1. INTRODUCTION

Progress in composite modeling has been hindered by a lack of knowledge
about certain constitueir.t material properties, knowledge that would provide a
better understanding of the relationship between the composite's structure and
its bulk properties. One important property of any composite is its dimen-
sional change in response to variations in temperature. When the constituent
materials of a composite vary widely in their thermal strain behavior, the
bulk thermal strain behavior of the finished composite is difficult or impos-
sible to predict accurately. There are theoretical treatments of the problem
in the literature that are variously successful at approaching an accurate

1

solution. However, all such treatrents are limited by the accuracy of the

available data or the mechanical and thermal strain behaviors of the compos-

ite's constituent materials,2

as well as by the simplifying assumptions made
in th> theory.1 Mechanical and thermal strain data can be obtained relatively
easily for the matrix materials, which can be examined in bulk, but the very
small size of the filamentary reinforcement materials poses significant prob-

lems ’‘or measurement.

carbon filaments have emerged as important reinforcement materials and
are combined with many types of matrices. Because such filaments are small
(typicaliy 10 um in diameter) and highly anisotropic, certain of their
properties have been difficult to measure directly. The value of one of these
properties~-the transverse (diametral) coefficient of thermal expansion
(CTE)~-is usually determined by incorporating the filaments in a composite
with a well-behaved matrix and measuring the composite's bulk thermal expan-
sicn. The transverse thermal expansion data for the composite is then used to
mathematically “"back out" the transverse thermal expansion of the filaments.
This technigue has been faulted, however, because its accuracy relies on how
well the algorithm for modeling the composite fits the microstress environment
present in the composite. For example, although £here is generally a large
amount of debonding between the filament reinforcement and the matrix in
carbon-carbon composites, debonding is generally neglected in the models for




! It is therefore desirable to measure the

generating expansion algorithms.
transverse CTE of these filaments in a surface-traction-free environment,
i.e., as individual, bare filaments, to provide data that can be applied

universally to many types of composites.

The laser diffraction technique3 of filament diameter measurement has
been adapted in this work to measure the transverse thermal expansion of
individual carbon filaments. This technique employs the Fraunhofer (slit)
approximation, d = LA/D, where d is the filament diameter, X is the wave-
length of the laser light, L is the distance from the filament to the meas-
urement plane, and D is the distance between adjacent minima in the diffrac-
tion pattern. When a carbon filament is placed with its axis perpendicular
to, and in the path of, a beam of laser light, it diffracts the light similar-
ly to a lath or slit of width equal to the filament diameter. One can then
measure the diffraction pattern and use the Fraunhofer formula to calculate
the diameter of the filament. The filament is then heated and again measured
to obtain data with which to calculate the transverse thermal expansion.

The Fraunhofer approximation's error for filaments has been evaluated in
Ref. 3 as about -3% of the actual filament diameter. This error can be
treated as a constant if the filament diameter does not change more than a few
percent upon heating (which it does not) and if the index of refraction of the
filament remains constant. For this work, the filament index of refraction
was assumed not to change appreciably over the temperature range; the optical
extinction coefficient of the filament does not vary significantly over the
temperature range; and a small change in the filament's reflectivity is not
considered important..

*pata presented by P. Gagnaire, et al. at the 18th Biennial Conference on
Carbon indicate that the error is indeed constant for all values of the index
of refraction typical of graphite if the laser light is polarized in the TM
mode, as it was in this work.
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II. EXPERIMENTAL

Four types of carbon filaments were examined in this experiment:

Name Manufacturer Precursor
HM 3000 Hercules PAN
AS-1 Hercules PAN
G50 Celanese PAN
P55 (VSB-32T) Union Carbide? Pitch

ANow AmOCo.

With the exception of VSB-32T (P55), filaments were selected for study on the
bases of their circular cross section and lack of surface wrinkles (crenula-
tions), to minimize errors that would be induced if the filaments twisted
during heating. Before the filaments were removed from the sample yarns, they
were heat-treated in a graphite tube furnace to 2600°C under argon for 10 min
to stabilize them against permanent dimensional change and to ensure that any
thermally induced twisting of the filaments during the thermal expansion
measurements would be recoverable and, therefore, detectable. Recoverable
means that any heat-induced twist in the filaments during a CTE measurement
will "unwind” upon cool-down and the sample will return to a state of zero
twist.

At elevated temperatures, sample twisting is manifested as a random
diameter change whose magnitude relates more to the eccentricity of the fila-
ment cross section than to the temperature at which the measurements are
made. If the twist in the sample filament is small, the overall effect of the
apparent strains would be to increase the noise level of the data because the
apparent strain can be either positive or negative in sign, Thus, if the
filaments twist during the test, the twist will be manifested in an increase
in data scatter in the elevated-temperature data, but not in the room-
temperature data. Others have noted the tendency of carbon filaments to twist




with heating.u Photomicrographs of the filaments in cross section are shown

in Fig. 1.

The experimental setup, diagrammed in Fig. 2, consists of a laser source;
a sample chamber that can be evacuated to prevent atmospheric interactions;
and a medium for recording the diffraction pattern generated by the filament,
in this case, type 1-N glass spectrographic film plates. The laser source was
a Liconix 401 He-Cd laser (1 = 4416 R). The components were mounted on an
optical bench for stability. The laser beam was focused to a 40-um spot
over the filament to restrict the length of filament examined in each test.
The sample mounts consisted of two end supports of fine copper wire that were
flattened and to which a filament could be cemented with conductive colloidal
silver. The sample was heated to incandescence by a current that was passed
through it. The sample temperature was measured with a Pyrometer Instruments
Co. MicroOptical pyrometer. Changes in sample temperature as small as 15°C
could be observed, but the overall error was estimated to be t25°C. The
measured sample temperatures were corrected for emissivity variations.5
Because optical pyrometry was used, measurements were limited to room tempera-
ture and temperatures between 600 and 1600°C.

In a typical run, the sample chamber was evacuated overnight to a
pressure of ~ 5 «x 10-4 Torr. The laser was then switched on, and a card was
placed at the film plane to examine the diffraction pattern and adjust the
laser beam precisely over the filament. Data were taken by heating the sam-
ple, measuring the temperature, adjusting the filament position, and exposing
the filament to the laser. The current was then switched off. Sample cooling
was virtually instantaneous. This process was performed for each elevated-
temperature data point and could be carried out in about 45 sec. Room-
temperature data points were taken between each elevated-temperature data
point.

Initially it was speculated that sublimation or o}idation of the fila-
ments would result from short exposures to high temperature; however, no
evidence of diameter decrease as a function of time at high temperature was
noted in the carbon filaments. One sample of tungsten (Table I) manifested

10




Figure 1.

Photomicrographs of {(a) P55, (b) G5C, and (¢) AS-1 filaments after
heat treatment to 2600°C. Partially crossed polarizers. The
optical textures caused by the birefringent graphitic layer planes
in the sample microstructures indicate that the PAN filaments are
rotationally isotropic (axisymmetric) whereas the P55 filaments
are not.
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MEASUREMENT
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Figure 2. Diagram of test setup and detail of sample holder. The ends of
the sample holder are cut to hold windows that form Brewster's
angle with the incoming laser beam. The sample chamber was evacu-
ated to prevent oxidation of the sample or refraction of the
diffracted light by hot inert gases near the sample surface.
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| Table I. The Transverse Coefficient of Thermal Expansion

f Average CTE of
Each Fil ent1

Sample Diameter d TE Correlation Type (107° °C” )
(um) s.d.2 (107° o) Coefficient % s.d.?

HM-3000 (Hercules)

7.669 0.015 12.6 0.968 10.9 0.83
7.206 0.010 12.1 0.981

7.628 0.012 9.4 0.918

7.427 0.010 9.6 0.97

G50 (Celanese)

6.371 0.020 13.7 0.948 13.1 0.66
6.483 0.008 11.2 0.987

6.073 0.008 14.2 0.987

4.059 0.011 13.3 0.968

P55 (VSB-32T; Union Carbide)

11.3 0.018 16.6 0.978 12.0 2.9
9.626 0.021 12.9 0.941

11.425 0.016 6.6 0.862

AS-1 (Hercules)

7.239 0.030 14.3 0.951 12.5 1.2
6.957 0.010 12.9 0.983

7.091 0.006 10.3 0.974

Tungsten

21.633 0.021 5.4 0.929 5.3 0.4
26.135 c 5.8 0.920

25.775 c 5.8 0.833

26.176 0.036 4.1 0.626

3The standard deviation of 6 to 8'room-temperature diameter readings per
sample.

PStandard deviation of the mean (= o//N).

®These samples were oxidizing during test, so the room-temperature djameter
was not constant.
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such a decrease, but whether it was due to sublimation of either the tungsten
metal or its oxide was unclear. For that sample, the thermal expansion data
were analyzed by taking the room-temperature data point immediately following
a given elevated-temperature data point and calculating Ad/djy with just the
two values. The individual ad/d, points for each temperature were then com-
bined to calculate the CTE. Because the sample was cooled rapidly after the
elevated-temperature data point was taken, negligible diameter change occurred
in the interim; therefore, the data are accurate (see Table I). For the other
samples, d, was determined by averaging all the d; data points. Table 1
indicates that the room-temperature d, measurements are very reproducible.

Five to seven elevated-temperature data points and five to 10 room-
temperature data points were taken for each sample filament. The film plates
were scanned on a Jarrell-Ash scanning microdensitometer to magnify and con-
vert the data to x-y format (film transmittance versus distance from optical
axis). The minima were located by drawing intersecting lines on the adjacent
slopes of a minimum in the x-y plot, and the point of intersection of those
lines was taken as the location of the minimum. Tungsten filaments were
measured to assess overall accuracy of the technique. The values for the CTE
of the tungsten filaments measured in this work agree satisfactorily with the
published National Bureau of Standards data for tungsten (Table i).

1L}




I11. RESULTS

Figures 3 and 4 are the plotted data for the G50 and P55 filaments,
respectively. For comparison, Fig. 5 shows data for the tungsten filaments.

The plots of all three PAN filament types are similar, The P55 filaments
are unique in their large elevated-temperature data spread, which is attribut-
ed to the thermally induced twisting of the sample filaments. Although the
data spread at elevated temperature was much larger for the P55 filaments than
for the PAN filaments, the standard deviations in Table I indicate that the
room-temperature data spread for all the filaments was similar, consistent
with the assumption that the filaments untwist upon coocl-down, returning to
their equilibrium position.

To investigate the twisting behavior of these filaments, we conducted an
experiment in which a P55 filament was slowly twisted while being held taut
(to prevent loop formation). The result was that the filament could withstand
at least 100x rad of twist per centimeter of length without breaking. 1In
another experiment, a test filament was mounted the same as for the expansion
experiments, except that another 1-cm length of filament was bonded at the
midpoint of the test filament, transversely to its axis, with colloidal carbon
(Fig. 6). When the test filament was heated, the end of the transverse fila-
ment was observed to move as the test filament twisted in response to the
temperature increase. The end of the transverse filament moved about 1/30th
of its distance from the test filament axis, a distance corresponding to a
twist of ~ 1.9 «x 10-3 deg em™! °C'1. This small amount of twist is of the
correct order of magnitude to produce the scatter seen in the P55 elevated-
temperature data. Given the eccentricity of the P55 filament cross sections
(~ 0.15), a twist as large as 90 deg would result in an apparent ad/d

0
of ~ 1 x 10~ '--two orders of magnitude larger than the scatter actually

observed.

In addition to the twist-induced scatter in their elevated-temperature
data, P55 filaments also exhibit transverse expansivities that vary from
filament to filament (see Fig. 4). The photomicrographs in Fig. 1 help to

15
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Figure 3. Thermal expansion aAd/d, versus temperature for G50 filaments.
Individual sample data are indicated. Lines were derived by
linear regression through indicated data and a point at room
temperature defined as ad/dg = 0.
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Individual sample data are indicated. Lines were derived by
lipear regression through indicated data and a point at room
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Thermal expansion Ad/do versus temperature for tungsten fijla-
ments. Individual sample data are indicated. Lines were derived
by linear regression through indicated data and a point (not
shown) at room temperature defined as ad/d, = 0. The broken line
is from data on National Bureau of Standargs NBS 737 tungsten
standard reference material.
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Figure 6.

COLLOIDAL

CARBON \ /SILVER PASTE CONTACT

TEST FILAMENT ‘
Y _— TRANSVERSE FILAMENT

: ‘>— SUPPORTS

Apparatus for observing heating-induced twisting in carbon fila-
ments. The transverse filament moves freely in response to twist-
ing in the test filament. The fixture is enclosed in vacuum, and
the ends of the transverse filament are observed in the direction
of th test filament axis. The degree of twist is evaluated: o =
sin”' (s/l1), where s = displacement of transverse filament end
upon heating and 1 = length from test filament to transverse
filament end.
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explain this variation. The photomicrographs were taken under polarized
light; the gross orientation of the graphitic layers in the filaments can be
inferred from the filaments' optical textures. Note that the optical texture
of the PAN filaments is symmetric with respect to the filament longitudinal
axis, whereas that of the P55 filaments is not. With the PAN filaments, the
structure traversed by any randomly drawn diametral chord does not vary as a
function of polar angle of the chord. The same is not true for the P55 fila-
ments, in which the graphitic layer planes tend to be aligned mostly parallel
to the largest diameter of the filament cross section.6’7 Therefore, trans-
verse thermal expansion measurements taken parallel to these layer planes
should be different from those taken 90 deg to that direction because of the
large difference in thermal expansivities of the two principal crystallo-
graphic directions in graphite. In other words, the P55 filaments would not
be expected to expand equally in all radial directions. Since the filaments
were mounted randomly in the expansion apparatus, different diameters having
different characteristic thermal expansions were presented to the laser beam,
resulting in an apparent CTE variation from filament to filament.

The transverse CTE values determined for the PAN filaments did not vary
significantly either from filament to filament or as a function of filament
type. The filament-to-filament uniformity is consistent with the polar sym-
metry present in the structure of these filaments when they are viewed in
cross section (Fig. 1). Also, any twist that might have occurred during the
test would have minimal effect on the data because the cross sections of these
filaments have a low eccentricity. That the different types of PAN filaments
did not vary significantly in transverse CTE is probably due to the fact that
these fibers are essentially identical except for their manufacturing heat-
treatment temperature. Since they were all heat-treated in-house to 2600°C
prior to the experiment, there is no reason to expect the transverse CTE of
these filaments to be significantly different.

The tungsten data plotted in Fig. 5 appear to have a larger data spread
than the PAN filament data. The spread can be attributed to the plot's finer
y-axis scale and the uncertainty in do for the 2Y and 2Z specimens. As men-
tioned above, these specimens were undergoing irreversible diameter decreases

20
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at elevated temperature, so Ad/do was calculated for each room-temperature/
elevated-temperature data pair, which causes a doubling of the noise level in
the Ad/d, data for these runs.

Note that, for purposes of calculation, the transverse CTE of the fila-
ments was assumed to be linear over the entire temperature range. This
assumption appears reasonable for the more glassy PAN-type filaments but may
be in error for the pitch-type filaments because of their more graphitic
structure. Others have obtained similar values for the transverse CTE of PAN
filaments at temperatures below those investigated here,a’9 indicating that
the CTE of PAN filaments does not vary strongly as a function of temperature,
and the assumption of linearity is adequate for them.

21




1V. CONCLUSIONS

The transverse CTE of high-temperature heat-treated carbon filaments is
approximately linear from room temperature to 1600°C. The average value of
the transverse CTE for the PAN filaments tested was -~ 12 «x 10'6 °C"; this
value may differ for fibers that have not been heat-treated to high tempera-
tures. The P55 filaments have a definite tendency to twist when they are
heated. It is currently not known what effect such torque has on the micro-
stress environment of a composite, or whether more-isotropic fibers display
the same tendency.

Although the data are by no means exhaustive, there is strong evidence
that the transverse CTE of the P55 filaments varies as a function of the
particular diameter measured. This variation is theorized to be related to
the microstructure of the filaments, i.e., the alignment of graphitic layer
planes over lengths on the order of the filament diameter. The relationship
between the transverse CTE anisotropy and the microstructures of the P55 and
other anisotropic filaments must be characterized further. The few data taken
indicate that the P55 transverse CTE values, averaged over all radial direc-
tions, are close to that of the PAN filaments (when they are heat-treated to
similar temperatures). More work is necessary to investigate this closeness
and to determine the effect of heat-treatment temperature on transverse CTE.
The pyrolysis shrinkage behavior of carbon filaments, which is of importance
particularly in carbon-carbon composite manufacture, can also be investigated
by this technique.
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LABORATORY OPERATIONS

The Asrospace Corporstion functions as sn “architect-engineer” for
nationsl security projects, specializing in advanced military space systess.
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Asrophysics Laborstory: Launch vehicle and reeantry fluid mechanics, heat
transfer and flight dynamics; chemical and electric propulsion, propellant
chemistry, chemical dynamics, envir al chemistry, trace detection;
spacecraft structural mechanics, contsmination, thermal and structural
coutrol; high temperature thermomechanics, gas kinetics and radiation; cw and
pulsed cheaical and excimer laser developmeant including chemical kinetics,

spectroscopy, optical resonators, beam control, atwospheric propagation, laser
effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions,
atwospheric optics, light scatteriang, state-specific chemical reactions and
radiative signatures of missile plumes, sensor out-of -field-of -view rejection,
applied laser spectroscopy, laser chemistry, laser optoelectronics, solar cell
physics, battery electrochemistry, space vacuum and radiation effects on
materials, ludbrication and surface phenomena, thermionic emission, photo-
sensitive materials and detectors, stomic frequency standards, and
environmental chemistry.

Computer Science _Laboratory: Program verification, program translatiom,
performatnce-sensitive system design, distributed architectures for spaceborne
computers, fault-toleraat computer systems, artificial intelligence, micro-
electronics applications, communication protocols, and computer security.

Electronics Research Laboratory: Microelectroaics, solid-state device
physics, compound semiconductors, radiation hardening; electro-optics, quantum
electronics, solid-state lasers, optical propagation and communications;
aicrovave semiconductor devices, microwave/millimeter wave measurements,
diagnostics and radiometry, microwave/millimeter wave theraionic devices;
atomic time and frequancy standards; anteanas, rf systems, electromagnetic
propagation phanomena, space communication systess.

Materisls Sciences Laborat : Davelopment of new materials: wetals,
alloys, ceramics, polymers their composites, and new forms of carbon; non-
destructive evalustion, component fsilure snalysis and veliadility; fracture
sschanics end stress corrosion; anslysis and evaluation of materisls st
cryogenic snd elevated temperatures as well as in space and enemy-induced
environments.

S, Sciences Laboratory: Magnetospheric, autoral and cosaic ray
physicse, \nn-mucto intersctions, megnetospheric plasms waves; atmospheric
and fonospheric physics, density snd composition of the wpper atmosphere,
remote sensing using atmospheric radiastion; solar physics, infrared astronowy,
infrared signature shalysis; effects of solar activity, magnetic storass and
nuclestr explosions on the earth’s atmosphere, ionosphers and magnetosphere;
effects of electromegnetic and particulate tradiations on space systems; space
instrumentstion.










